Purpose To investigate the microscopic fibrous integration between the intervertebral disc, cartilage endplates and vertebral endplates in human lumbar spines of varying degrees of degeneration using differential interference contrast (DIC) optics. Weakness at these junctions is considered to be an important factor in the aetiology of disc herniations. Methods Magnetic resonance images (MRIs) of cadaveric lumbar spines were graded for degeneration and motion segments from a range of degenerative grades isolated and bisected sagittally. Following fixation and decalcification, these were cut into segments containing anterior or posterior annulus fibrosus or nucleus pulposus. The segments were cryo-sectioned and sections visualised using both standard light and DIC microscopy. Results Detachment at the interface between the disc and vertebrae increased with greater degenerative grade (from 1.9 % in Grade I to 28 % in Grade V), especially at the boundary between the cartilage and vertebral endplates. DIC microscopy revealed the fibrous organisation at the IVD-cartilage endplate interface with structural features, such as annular lamellae branching and nodal insertions in the nucleus pulposus region; these have been previously observed in ovine spines, but were less uniform in humans.
Introduction
The cartilage (CEP) and vertebral (VEP) endplates play a crucial structural role in the transition from hard, bony vertebrae to compliant intervertebral disc (IVD) tissue and enable force transmission and movement within the spine [10] . Both endplates have load-bearing functions and prevent the IVD from entering the vertebrae [7] , and in humans, is involved in vertebral growth [32] . The VEP, with its relatively thick epiphyseal ring at the outer margin in the adult spine, where there is no CEP, is thinner and more porous in the centre [39, 40] ; similarly the depth of the CEP becomes narrower towards its centre [19, 27] . Although this central region is important for nutrient diffusion from the vascularised bone to the avascular nucleus pulposus, its properties (at least for the VEP) have been shown to be closely related to local mechanical loading [43] . The integrity of both of these endplates is necessary for IVD maintenance [5, 26, 40] .
Failure at the interface between the IVD and VEP appears to be a main contributor in the aetiology of herniations [25, 33, 38] , with endplate being present in almost 50 % of herniated disc tissue [20] , but structural integrity at this junction has not previously been investigated in the aetiology of disc degeneration Several studies report clear integration between the IVD and CEP, with collagen fibres running seamlessly between the two tissues [12, 13, 17, 27] ; a recent study by Herrero et al. [11] focussed on nondegenerate human spines and showed that integration at the CEP-VEP junction changes with age and with spinal level. It is well recognised that, at the outer annulus fibrosus (AF), fibres are continuous from the IVD to the VEP [14] , but integration at the CEP-VEP interface remains questionable, with some proposing that it is present [12] and others that it is not [13, 27] .
A specialised form of microscopy using differential interference contrast (DIC) optics has been used to determine the microscopic, fibrous organisation at the interfaces between the AF-CEP [29] , NP-CEP [34, 35] and NP-AF [36] in sheep. This technique enables the visualisation of tissues containing a range of fibre orientations with increased resolution and clarity compared with standard light microscopy, and has been instrumental in the identification of annular lamellae sub-branching at the AF-CEP junction [29] and the presence of nodal insertions at the NP-CEP junction [34] in sheep.
In the present preliminary study, we have investigated how the IVD connects across the endplates in human lumbar vertebral motion segments. We have measured the degree to which the IVD is detached from the endplates and related this to the Pfirrmann degenerative grade. We have recorded the organisation of IVD fibre integration into the endplates via DIC microscopy and noted detrimental changes to the CEP and IVD. Finally, alterations in structure were considered in relation to MRI findings.
Methods

Clinical imaging and Pfirrmann grading of cadaveric lumbar spines
Six, intact, frozen post-mortem lumbar spines from anonymous donors were imaged using standard clinicalgrade X-ray ( Fig. 1) and MR imaging. MRI was performed with a Siemens 'Skyra' 3T machine, running version VD1 software and utilised both T1-and T2-weighted sequences (TSE-Turbo spin echo). Images were assessed by a consultant radiologist (IWM) and graded for degeneration using the Pfirrmann classification system [Grade I (normal) to Grade V (extensive degeneration)] based on distribution and intensity of signal from the IVD, clear visualisation of the NP and AF and loss of IVD height [24] . Additional criteria described by Battié et al. [4] were also noted including assessing the presence of spondylolisthesis, annular tears, disc bulging, degree and location of herniations, endplate defects and sclerosis and facet joint arthropathy (Table 1) .
Specimen preparation for DIC optical microscopy
Ten motion segments representing a range of Pfirrmann grades (I-V) were isolated via transverse cuts through the centre of adjacent vertebral bodies from lumbar regions L1-5 (Table 1 ) and cut sagittally (Fig. 1) . The right-hand side of the specimen was fixed in 10 % formalin at 4°C and decalcified in 10 % formic acid before dissecting along the coronal axis to generate segments containing either the anterior or posterior AF or NP (Fig. 2) . AF containing segments were cryo-sectioned obliquely at 30 lm along an exposed outer lamellar bundle to enable visualisation of both in-plane and cross-sectional annular fibres [30] and NP containing segments were cryo-sectioned either along the sagittal (n = 8) or coronal axis (n = 2). All sections were wet mounted onto slides in PBS and examined using standard light and DIC optical microscopy.
Analysis of microscopic images
Using standard light microscopy, each section was imaged and the length of the interfaces between the VEP-AF, VEP-CEP, CEP-AF, and CEP-NP was measured. Any loss of attachment between each individual interface was recorded then combined to generate an average percentage detachment for the disc-vertebral body interface of each motion segment, in addition to an overall detachment (%) for each interface region (CEP-VEP, IVD-VEP, and IVD-CEP) for all the motion segments studied ( Table 2 , data presented as mean ± SD). The organization of the collagenous fibres at the VEP-AF, CEP-AF and CEP-NP were visualised via DIC microscopy and recorded. The structural integrity of the AF and NP was assessed separately using a scoring system where 1 = no disruption, 2 = minor, 3 = moderate, and 4 = major disruption, as illustrated for the AF in Fig. 3 , and the scores were added to generate an IVD score. Degeneration of the CEP was assessed using the classification system derived by Boos et al. [6] . This system scores features such as bony sclerosis, new bone formation and micro-fracture from 0 to 2, and cartilage cracks, cartilage disorganisation and cellularity from 0 to 4, with higher scores reflecting increased degeneration.
Results
Pfirrmann grading of specimens from MRI
The degenerative features observed in the specimens studied are summarised in Table 1 . Both Pfirrmann grade I specimens had a normal disc height and contour and contained no annular tears, foraminal stenosis or endplate defects. The six Grade III specimens had no disc narrowing or foraminal stenosis, but an annular tear was present in two specimens with one also having anterior and posterior disc bulging. Endplate defects were present in two other specimens, in which vertebral collapse had occurred due to osteoporosis, with one of these also having both anterior and posterior disc bulging. In the Grade IV specimen, there was slight disc narrowing and bulging at the posterior AF, whilst the Grade V specimen had a severely narrowed disc with slight to moderate disc bulging, mild foraminal stenosis and generalised endplate irregularities and osteophytes at both anterior and posterior regions.
Detachment at the IVD-vertebra interface is associated with Pfirrmann degenerative grade
Although detachment was variable in the different regions of the IVD-vertebra interface for each specimen (Table 2) , there was a trend for the percentage detachment across the whole disc-vertebra interface to increase with Pfirrmann grade (I = 1.9 ± 2.7 %; III = 16.9 ± 10.2 %; IV = 21.3 %; V = 28 %) (Fig. 4a, b) . Additionally, detachment was greater at the CEP-VEP interface (29.5 ± 33.2 %) than either the IVD-VEP (5.3 ± 9.9 %) or IVD-CEP (8.0 ± 12.9 %) interfaces (Table 2) when the data from all specimens was combined. The percentage of detachment was also greater at the cranial (relative to the IVD) CEP-NP than the caudal interface. In some degenerate specimens, it was not possible to measure the interfaces.
Microscopic organisation and structure at the IVDvertebra interface
The AF-vertebra interface
Generally there was good integration at the AF-vertebra interface, especially in Pfirrmann grade I (Fig. 5a) where lamellar organisation was similar to that previously observed in sheep (Fig. 5b) ; however, in humans, the The overall percentage detachment for all motion segments is coded as follows: 0-10% = green; 11-20% = amber; >21% = red Eur Spine J (2017) 26:248-258 251 lamellae were not as uniform or as evenly distributed (Fig. 5a ). In the human specimens, there was less obvious crimp (the wave-like appearance commonly seen in ligaments, representing closely packed collagen fibrils that are in phase and relaxed) and a change in optical density (OD) observed in collagen fibres of the outer AF lamellae (Fig. 6a , b) before they entered the bony VEP. This loss in crimp and change in OD is suggestive of calcification, and is similar to the AF-CEP interface in sheep (Fig. 6c, d) where there was no crimp in the AF fibres entering the more rigid calcified CEP [29] . In contrast, at the AF-CEP junction in humans, crimp was present in the AF fibres where they integrated with the CEP, although their appearance seemed to change from a wider to a narrower crimp, that is, the 'banding' visible in the tissue from the in-phase collagen fibrils are closer together (Fig. 7) . Additional features observed in some human specimens included: branching of lamellae at the AF-CEP interface, where the collagen fibres appear to continue into the CEP (Fig. 8a) ; trans-lamellar bridges [23] , where fibrous connections span many lamellae (Fig. 8b) , and compartmentalisation [41] , where the AF collagen fibre bundles appear to be ensheathed (Fig. 8c) .
The CEP-VEP interface
There was little evidence of collagen fibres crossing the junction between the CEP and VEP when viewed with DIC. Indeed the boundary between these two endplates usually appeared uneven ( Fig. 9 ) with the two structures appearing to interlock with each other.
The NP-CEP interface
In general, detachment at the NP-CEP interface increased with increasing degenerative grade, although some Pfirrmann grade III specimens had good attachment (Table 2 ). Nodal Fig. 3 Standard light microscopy images illustrating the different levels of disruption found within the annulus fibrosus (AF) described as a none; b minor; c moderate; and d major that were scored from 1 to 4 respectively. Solid arrows show normal lamellae structure whereas dashed arrows highlight areas where the lamellae organisation has been disrupted and connectivity lost insertions, previously described in sheep by Wade et al. [34, 35] , where fibres from the NP are clearly seen to insert into the CEP at discrete locations, were also observed in the human lumbar specimens (Fig. 10a, b) . In contrast to those observed in sheep (Fig. 10c) , these insertions in human specimens were not as regular or as evenly distributed. Generally, when there was good attachment between the NP and CEP, the fibres of the NP at this junction were orientated perpendicularly to the CEP interface (Fig. 10a, b, d ) and had a 'wavelike' morphology (Fig. 10d ).
Structural and degenerative changes in the IVD and CEP in relation to Pfirrmann degenerative grade
Higher IVD integrity scores (i.e., reflecting more disruption and diminished structural cohesion and organisation within the IVD determined from both the NP and AF) were found in discs of greater Pfirrmann degenerative grades (I = 2.75 ± 1.1; III = 5.4 ± 0.9; IV = 5.5). No IVD score is presented for the Grade V specimen as the AF could not be obliquely sectioned; however, the NP of this specimen had major structural disruption and scored 4. Similarly, elevated scores (reflecting degenerative changes) for the CEP were found with higher Pfirrmann degenerative grades (I = 4.3 ± 2.2; III = 6.9 ± 3.5; IV = 7.5 ± 6.4; V = 13.5 ± 0.7).
Microscopic structure in relation to MRIs and Pfirrmann degenerate grade
Perhaps not surprisingly, there appeared to be an association between the Pfirrmann grade and the level of disruption and other microscopic degenerative features visible microscopically. Both specimens which were described as Grade I Pfirrmann from their MRI appearance had a well organised AF and intact NP at the microscopic level, whereas in more degenerate specimens with a higher Pfirrmann grade, with loss of signal intensity and lack of distinction between the AF and NP, the AF could be seen to be more disorganised and the NP very disrupted when examined under the microscope. In three specimens (all Grade III), annular tears were seen when studied under the microscope, but only one corresponded to a tear visualised on MRI. Disc bulging was also detected by MRI in three specimens and in all these specimens the fibre direction at the IVD-CEP junction was not perpendicular to the CEP, as observed in Grade I specimens at this interface, but rather was more oblique.
Discussion
Our preliminary findings suggest that lack of integration, especially at the CEP-VEP interface, is associated with IVD degeneration and adds to the current knowledge within the field, whereby lack of structural integrity at the CEP-VEP junction is increasingly being implicated in the aetiology of herniations [3, 16, 20, 31, 40] . Possible reasons for reduced connectivity at the CEP-VEP junction may be either an increase in marrow spaces abutting this interface [18] , so reducing locations where fibre integration is possible or retention of discontinuities in the endplate following insufficient retraction of the notochord during spinal development [8] . A further reason could be due to actual physical disruption, as has been described in a recent biomechanical study in which the IVD was subjected to loading in tension such as might be experienced during spinal bending [3] . Indeed, the mechanism by which these two tissues are secured together may be more reliant on the rigid inorganic fraction present in the tissues instead of the soft non-mineralised organic fraction. Paietta et al. [22] suggest that the calcified cartilage and underlying bone interdigitate with one another; if this occurs 3-dimensionally, one can imagine it would allow interlocking of the two mineralised regions. The structural integration of collagen at the AF-VEP junction, however, remains an understudied area in the human spine, but ultrastructural imaging techniques, as utilised recently by Rodrigues et al. [28] in combination with DIC images have provided an insight into the organisation of AF ''sub-bundle fibrils'' in sheep. They have shown that these fibrils penetrate beyond the cement line and merge with those present in both the CEP and VEP. This work has been performed in sheep, where it is known that, as in other animal species, the growth plate for the vertebrae is located within the centre of the vertebral body [1] ; in contrast to in humans where it is an integral part of the CEP. The effect of growth plate location and the degeneration process on collagen integration at the CEP-VEP interface thus remains unclear. From our data, the degree of detachment in the Pfirrmann Grade III specimens was usually greater than 10 %, but in one specimen it was as low as 2 %. This specimen was one in which some interfaces were not measurable due to the presence of severe endplate sclerosis (also noted in another Grade III and the Grade V specimen, Table 2 ) and it is highly likely that in these specimens the degree of detachment would actually have been higher if they could have been measured.
Better connectivity was observed at the IVD-VEP and IVD-CEP junctions than between the CEP and VEP where, at the IVD-CEP interface in particular, good fibre integration was seen, concurring with previous findings at these interfaces [12, 13, 17, 27] . Due to the presence of the epiphyseal ring in human spines, there are fibres from the outer AF continuing into the VEP, whilst those at the inner AF continue into the CEP. Good connectivity was observed at both these interfaces in most specimens, but particularly at the AF-CEP where 7/9 and 5/7 specimens showed no detachment at the anterior and posterior disc, respectively. However, in comparison to sheep, the AF lamellae in these human specimens were not as uniformly distributed, but branching of individual, in-plane AF lamellae was observed at the AF-CEP interface, similar to that seen in the ovine spine [29] and in herniated human IVDs [15] . This mechanism increases the attachment area between the two structures and is likely to enhance the tensile stress that can be sustained at this junction helping to resist detachment. Additionally, at the AF-CEP interface, crimp was visible within the AF collagen fibres, whereas at the AF-VEP junction crimp was lost just prior to anchorage into the bony VEP, indicating that this region was previously calcified. It should be noted that the crimp morphology confers on the annular fibres a considerable degree of flexibility that would have no functional value in terms of contributing to the strength of anchorage once embedded in the rigid substrate of the CEP. It has been shown [35] with the presence of nodal insertions (Asterisk) as described by Wade et al. [34, 35] being noted. d Illustrates the 'wave-like' morphology (solid arrow) of the NP matrix in a human Grade III specimen prior to entering the CEP in previous studies [28, 29] that this abrupt change in the collagen fibre morphology from a crimped to a non-crimped configuration provides an effective visual marker of the exact boundary between the fibres in their flexible versus rigid or embedded state when viewed in sections that have been obtained from decalcified specimens. This intermediary zone between the AF and vertebra may be similar to the calcified cartilage found below articular cartilage and is probably important not only for attaching the fibres to the mineralised bone of the vertebrae, but also mechanically, to assist the transfer of forces between the hard mineralised bony VEP and the un-mineralised disc [21] .
At the NP-CEP interface, the collagen fibres of the NP were usually orientated perpendicularly to the CEP, although in some cases, especially where bulging of the disc was seen on clinical imaging, they entered at a more oblique angle. The presence of nodal insertions, (i.e. discrete locations at which the collagen fibres of the NP insert into the CEP), were visible in both Grade I and some of the more degenerate specimens. Nodal insertions have previously been described in sheep [34, 35] , where they were found to be evenly distributed across the NP-CEP interface and were particularly visible when the disc was loaded under tension [34] , although in mature sheep they become less distinct [37] . Since our motion segments were from adult cadavers that had not been loaded under tension, the nodal insertions may have been more difficult to identify.
As expected, the structural integrity and organisation within the IVD and CEP was found to decrease with increasing Pfirrmann degenerative grade. Although MRI has been successful in diagnosing later stages of IVD degeneration, early degenerative changes in the disc matrix, even with enhanced MRI, only correlate moderately with tissue histology [10] . In the present study, some histological and microscopic features, such as fibre angle changes at the IVD-CEP junction and loss of disc integrity, appeared to reflect the disc bulging and change in signal and loss of AF and NP distinction observed on the MRIs. In particular, loss of structure at the AF and NP junction, which has previously been shown to be capable of supporting considerable loads in sheep [36] , warrants further investigation in the human spine, as well as the role of other structural elements, such as elastin at this interface [42] . The degenerative changes seen in the CEP have been well characterised and shown to be associated with IVD degeneration [2] ; they will inevitably impinge on the state of connectivity at the disc and vertebra interfaces. Lama et al. [16] have highlighted that any loss in CEP will result in increased endplate permeability thus possibly facilitating endplate inflammation or even disc infection which may subsequently play a role in the generation of Modic changes as observed on MRI.
This study is the first to use DIC for analysis of the fibrous structure at the interfaces between the IVD and vertebral bodies in a small number of human spines containing IVDs of varying degrees of degeneration. There are of course limitations within the study, one being that the number of cadaveric specimens investigated is small and so no statistical analysis could be undertaken. In addition, since these lumbar spines were an historic collection obtained anonymously and thus patient details were not known for all of the donors, we were unable to take into account factors such as age or gender; the MRIs from which the degenerative grades were determined, however, are recent and hence reflect the current tissue degenerative state. Whilst detachment at the interfaces was carefully assessed to ensure that they resembled 'naturally' occurring clefts, it must be noted that the sampling and histological processing may have introduced artefacts within these tissues.
Conclusion
Hence, in conclusion, we have shown that microscopic structural features, such as lamellar branching and nodal insertions, may act to maintain attachment between the IVD and CEP in the human spine. Loss of structural integrity at the disc-vertebra junction may not only destabilise the spine at that point, but could alter the mechanical environment of the cells, not only at this junction, but also possibly within the disc, and so potentially contribute to the aetiopathogenesis of IVD degeneration.
